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In2Se3 in the three-dimensional (3D) hexagonal crystal structure with space group P61 (γ-In2Se3) has a direct band gap of ∼1.8 eV
and high absorption coefficient, making it a promising semiconductor material for optoelectronics. Incorporating Te allows for tuning
the band gap, adding flexibility to device design and extending the application range. Here we report the growth and characteriza-
tion of γ-In2Se3 thin films, and results of hybrid density functional theory calculations to assess the electronic and optical properties
of γ-In2Se3 and γ-In2(Se1−xTex)3 alloys. The calculated band gap of 1.84 eV for γ-In2Se3 is in good agreement with data from the
absorption spectrum, and the absorption coefficient is found to be as high as that of direct band gap conventional III-V and II-VI
semiconductors. Incorporation of Te in the form of γ-In2(Se1−xTex)3 alloys is an effective way to tune the band gap from 1.84 eV
down to 1.23 eV, thus covering the optimal band gap range for solar cells. We also discuss band-gap bowing and mixing enthalpies,
aiming at adding γ-In2Se3 and γ-In2(Se1−xTex)3 alloys to the available toolbox of materials for solar cells and other optoelectronic
devices.
1 Introduction
In2Se3 crystallizes in a defect wurtzite-like structure (γ-In2Se3, Fig. 1), which appears to be the most
stable phase of In2Se3 at room temperature. It has a direct band gap of ∼1.8 eV, and displays a high
absorption coefficient in the visible-light range [1, 2, 3, 4, 5, 6, 7, 8]. In2Se3 thin film has been used as a
precursor layer in co-evaporation of CuInSe2-based solar cells [9], as well as a buffer layer to replace CdS
in Mo/CIS/In2Se3/ZnO device structures, showing higher open-circuit voltage than the Mo/CIS/CdS/ZnO
structure [10]. The band gap of In2Se3 can be lowered by adding Te [11] in the form of In2(Se,Te)3 al-
loys, covering the spectrum region suitable for solar cell applications. Besides this basic knowledge, de-
tails of the electronic and optical propeties of In2Se3, In2Te3, and In2(Se,Te)3 alloys have remained largely
unexplored.
Here we report a combination of experimental and computational studies on γ-In2Se3 and γ-In2(Se1−xTex)3
alloys, focusing on their basic structural, electronic, and optical properties, with the aim of developing
these materials for electronic and optoelectronic applications. First, we discuss the growth and charac-
terization of In2Se3 thin films, followed by a discussion of hybrid density functional calculations of basic
properties of In2Se3 and a comparison with experimental data. We then report on the absorption coef-
ficients and band alignment between γ-In2Se3 and γ-In2Te3, and with other more conventional chalco-
genide semiconductors, such as CdTe and CuInSe2. Finally, we discuss the stability and electronic prop-
erties of γ-In2(Se1−xTex)3 alloys, showing that the band gap can be adjusted from 1.84 eV down to 1.23
by changing the concentration of Te, passing through the optimum range of direct band gaps for a single-
junction solar cell. We then conclude with a discussion on how this materials system offers new opportu-
nities for innovative architectures and device design.
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Figure 1: Crystal structure of γ-In2Se3, showing a perspective and a top view of the defective wurtzite crystal structure
with space group P61.
2 Experimental and Computational Approaches
In2Se3 was grown on soda lime glass substrates by thermal co-evaporation of In and Se. The growth lasted
30 min and the substrate temperature was 350 ◦C to form films with thickness of 1µm. Composition was
verified by x-ray fluorescence. Spectrophotometry was performed to measure transmission and reflection
in the wavelength range 300-2000 nm, and the absorption coefficient was determined from the reflectance
and transmission [12].
The calculations were based on the density functional theory [13, 14] as implemented in the VASP code[15,
16]. The interactions between the valence electrons and the ionic cores are described using projector aug-
mented wave (PAW) potentials [17, 18]. We used a kinetic energy cutoff of 320 eV for the plane wave
basis set. Structure optimization was performed using the Perdew-Burke-Ernzerhof functional revised
for solids (PBEsol) [19] on a Γ-centered 6×6×2 mesh for the 30-atom primitive cells of γ-In2Se3 and γ-
In2Te3, and equivalent k-point mesh for supercells for the γ-In2(Se1−xTex)3 alloys. Once the ionic posi-
tions were determined using the PBEsol functional, we calculated the electronic structure and dielectric
functions using the HSE06 functional [20, 21], including the effects of spin-orbit coupling. Note that the
band gaps consistently calculated in HSE06 using optimized lattice parameters also in HSE06 are only
slightly higher in energy by less than 0.1 eV. Contributions from excitons and phonon-assisted optical
transitions to the absorption coefficients, expected to be small, were not included in the present work.
To obtain a good description of optical band gap threshold, we use the tetrahedral method with a small
complex shift of 1 meV in the Kramers-Kronig transformation [22].
For simulating the In2(Se1−xTex)3 random alloys we employed special quasi-random structures (SQS)
[23, 24] obtained using the Alloy Theoretic Automated Toolkit (ATAT) [25]. This approach is based on
a Monte Carlo simulated annealing loop with an objective function that seeks to perfectly match the
maximum number of atomic correlation functions of the random alloys[25]. Here we use supercells with
90 atoms for representing In2(Se1−xTex)3 alloys.
3 Results and discussion
3.1 Structural and electronic properties of γ-In2Se3 and γ-In2Te3
The defective wurtzite crystal structure of γ-In2Se3 (and γ-In2Te3) with space group P61 is shown in
Fig. 1. This crystal structure is built up of In(1)Se5 trigonal bipyramids and In(2)Se4 tetrahedra [26],
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Figure 2: Electronic band structure and phonon dispersion of γ-In2Se3 and γ-In2Te3. Calculated electronic structure of (a)
γ-In2Se3 showing a direct band gap at Γ, and (c) of γ-In2Te3 showing the direct band gap at Γ very close in energy to the
indirect band gap with VBM at Γ and CBM at K. Calculated phonon dispersion of (b) γ-In2Se3 and (d) γ-In2Te3 along
high-symmetry directions; the absence of negative phonon frequencies indicates the structural stability of the of the two
compounds in the γ phase.
which are connected by common corners and edges resulting in a distorted wurtzite-like structure, i.e.,
a wurtzite structure missing one third of cation sites. The vacant sites are orderly arranged forming a
screw along the c axis (vacancy ordered in screw form, or VOSF phase) [27, 7, 28]. The calculated equi-
librium lattice parameters for γ-In2Se3 are a = 7.179 A˚ and c = 19.412 A˚, in good agreement with ex-
perimental data a = 7.129 A˚ and c = 19.381 A˚ [26]. For γ-In2Te3, the calculated lattice constants are
a = 7.632 A˚ and c =20.980 A˚.
The calculated electronic structure for γ-In2Se3 and γ-In2Te3 are shown in Figs. 2(a) and (c). In the
case of γ-In2Se3, we find a direct band gap of 1.84 eV at the Γ point, in good agreement with the on-
set of optical absorption shown in Fig. 3(a) and previously reported values of 1.8-1.9 eV [2, 3, 4]. Pre-
vious DFT-GGA calculations for γ-In2Se3 showed a band gap of ∼1.0 eV [29]. However, GGA function-
als are known to underestimate band gaps. We find that the lowest conduction band originates from In
5s orbitals, while the highest valence band originates mostly from Se 4p orbitals. The calculated effec-
tive electron mass values are 0.136 me and 0.148 me, respectively, along the in-plane and out-of-plane di-
rections. In the case of γ-In2Te3, we find an indirect band gap of 1.23 eV, where the conduction-band
minimum (CBM) at K is only slightly lower than at the Γ point by 0.04 eV. Note that our HSE06 cal-
culations using the HSE06 optimized lattice parameters give a direct band gap at Γ of 1.34 eV, with the
indirect gap Γ-K slightly higher in energy. Similar to In2Se3, the lowest energy conduction band is de-
rived from In 5s orbitals and the valence band maximum (VBM) state at Γ is mainly derived from Te 5p
orbitals.
The calculated phonon dispersions of γ-In2Se3 and γ-In2Te3, shown in Fig. 2(b) and (d), reveals no trace
of imaginary frequency, indicating that our optimized structure for γ-In2Se3 represents a minimum-energy
structure, consistent with experimental results indicating that this phase is thermodynamically stable at
low temperatures [7, 30, 8].
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Figure 3: Optical properties of γ-In2Se3 and γ-In2Te3: (a) Tauc plot of the optical absorption derived from the transmis-
sion and reflection spectra of the In2Se3 thin film, indicating a gap of 1.87 eV, and (b) calculated absoption coefficient (α)
of bulk γ-In2Se3 and γ-In2Te3 in log scale.
For the optical properties, we show the absorption spectra of γ-In2Se3 and γ-In2Te3 in Fig. 3. A Tauc
plot of the optical absorption absorption of the In2Se3 thin film, obtained from measured transmission
and reflection spectra, is shown in Fig. 3(a), with the obtained direct band gap of 1.87 indicated by the
arrow. For comparison, the calculated absorption coefficient α of bulk γ-In2Se3 and γ-In2Te3 are shown
in Fig. 3(b). We find a good agreement between the calculated band gap of 1.84 eV and the value of
1.87 eV obtained from the onset in the Tauc plot [31, 32, 33].
Due to the hexagonal crystal structure, the absorption coefficient is anisotropic, depending on the light
polarization being parallel or perpendicular to the chex axis. The absorption coefficient of γ-In2Se3 and
γ-In2Te3, derived from the real and imaginary parts of the dielectric function, rapidly increases for pho-
ton energies above the band gap, and are comparable to those of conventional III-V and II-VI semicon-
ductors. For γ-In2Te3, we note that the calculated onset at 1.27 eV in the absorption coefficient occurs
at photon energies that are slightly higher than the calculated fundamental indirect band gap.
For semiconductors, besides the band gap, it is essential to know the position of the valence and conduc-
tion band edges in an absolute energy scale, and the band alignment to other common semiconductors
for designing contacts and heterojunctions. In this context, we calculate the band edge energies of γ-
In2Se3 and γ-In2Te3 with respect to the vacuum level using the following procedure: First we built slabs
for β-In2Se3 and β-In2Te3 constraining the volume per formula unit to be the same as that of γ-In2Se3
and γ-In2Te3, respectively. The β crystal structure is the same as that of Bi2Se3, which is a hexagonal
two-dimensional layered structure formed of quintuple layers [34], with a natural cleavage plane perpen-
dicular to the c-axis. Since the volume per formula unit of the constructed β phase is constrained to be
the same of that of the γ phase, they have the same average electrostatic potential. From the slab of
this constrained β phase, we obtain the average electrostatic potential in a bulk region with respect to
the vacuum level. We then combine the top of the valence band of the γ phase with respect to the av-
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Figure 4: Band alignments and band edge positions with respect to vacuum for γ-In2Se3 and γ-In2Te3, compared to
CuInSe2 (from Ref. [35]) and CdTe (from Ref. [36]), which are two important materials for thin-film solar cells.
erage electrostatic potential in a bulk calculation, and the position of the average electrostatic potential
of the β phase with respect to vacuum to obtain the position of the valence band of the γ phase with re-
spect to vacuum. The results for γ-In2Se3 and γ-In2Te3 are shown in Fig. 4, along with the values for
CdTe and CuInSe2 from the literature [35, 36]. First, we see that the valence-band maximum of γ-In2Te3
is 1.25 higher than that of γ-In2Se3, which is attributed to the higher energy of Te 5p than the Se 4p.
This difference is larger than those between CdTe and CdSe and between ZnTe and ZnSe [36, 37]. This
can be explained by the fact that in these II-VI compounds there is a strong p-d coupling [38, 37] that
pushes up the valence-band maximum, and it is stronger in the selenides than in the tellurides, reducing
the valence band offset between them.
As also shown in Fig. 4, we find that the valence-band maximum of γ-In2Te3 is higher than that of CdTe,
and this is because Te is three-fold coordinated in γ-In2Te3, resulting in a non-bonding or lone-pair char-
acter of the valence-band maximum that is higher in energy than the valence-band-maximum of CdTe
with a mainly Te p-Cd p bonding character. Note that CdTe is a material that is used in thin film so-
lar cells, and one of the current limitations of CdTe-based solar cells is the efficiency of p-type doping.
Having a valence-band maximum higher than that of CdTe, we expect that it would be easier to dope
γ-In2Te3 p-type, thus making this material itself a promising material for thin film solar cells.
3.2 Structure, stability, and band gap of γ-In2(Se1−xTex)3 alloys
Having established the structural, electronic, and optical properties of bulk γ-In2Se3 and γ-In2Te3, we
now discuss the basic properties of γ-In2(Se1−xTex)3 alloys. We simulate these random alloys using SQS
structures in a supercell of 90 atoms, varying the Se/Te concentrations in steps of ∆x=0.056, from x = 0
(γ-In2Se3) to x = 1 (γ-In2Te3). One example of such SQS structure for x = 0.3 is shown in Fig. 5(a). In
Fig.5(b) we show the evolution of the volume per formula unit of γ-In2(Se1−xTex)3 alloys as a function of
Te composition x, indicating that they closely follow Vegard’s law[39].
The formability of γ-In2(Se1−xTex)3 alloys is determined by calculating the mixing enthalpy, defined by:
∆Hf [x] = E[x]− xE[γ−In2Se3]− (1− x)E[γ−In2Te3], (1)
where E[x] is the total energy of the γ-In2(Se1−xTex)3 SQS supercell for a given x, E[γ−In2Se3] is the
total energy of bulk γ-In2Se3 and E[γ−In2Te3] is the total energy of bulk γ-In2Te3 using the same super-
cell size and k-mesh of the SQS structure. The results are shown in Fig. 5(c). We find that the mixing
enthalpies are all positive and comparable to those of III-V-based alloys [40], where uniform mixing have
been observed for all alloy concentrations. The positive sign of ∆Hf indicates that the ground state of
these alloys at T = 0 corresponds to phase separation into the binary constituents. However, since the
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Figure 5: Structure, volume, mixing enthalpy, and band gap of γ-In2(Se1−xTex)3 alloys. The structure in (a) represents
a SQS structure for x = 0.3; the volume per formula unit of the alloys in (b) follows Vergard’s law; The mixing enthalpy
per formula unit as a function of Te concentration x in (c) is relatively low and comparable to other semiconductor alloy
systems for which mixing over the whole concentration range has been observed. (d) Band gap of γ-In2(Se1−xTex)3 alloys
as a function of Te concentration x.
formation enthalpies are relatively low, these alloys are likely to be stabilized through entropy at finite
temperatures for the entire range of Te compositions.
The calculated band gap of γ-In2(Se1−xTex)3 alloys as a function of composition x is shown in Fig. 5(d).
Note that these results also include the effects of spin-orbit coupling. Here we only discuss the direct
band gap at Γ in the alloys, despite the conduction-band minimum at K and at Γ being very close in en-
ergy in γ-In2Te3. The calculated bowing parameter b, defined as [41],
Eg[x] = (1− x)Eg[γ−In2Se3] + xEg[γ−In2Te3]− bx(1− x), (2)
is 1.0 eV, which is close to other chalcogenide alloys such as (Cd,Se)Te (0.83 eV) and (Zn,Se)Te (1.23
eV) [42, 43, 38].
The band gap of γ-In2(Se1−xTex)3 rapidly decreases with Te composition for small x, reaching around
1.3 eV for x = 0.4. For larger Te compositions, x > 0.4, the gap remains within 0.1 eV of the gap of
γ-In2Te3 and has a minimum band gap of 1.2 eV at x = 0.8. We attribute this behavior to the large dif-
ference between the energy of the Se/Te valence p orbitals, i.e., adding small amounts of Te to γ-In2Se3
leads to an isovalent Te-related band that is expected to be much higher in energy than the host valence
band. Such a high VBM of the alloy not only reduces the band gap, but also facilitates p-type doping
as in pure γ-In2Te3. Conversely, adding small amounts of Se to γ-In2Te3 would lead to an isovalent Se-
related band below the VBM of the host, causing only small changes in the band gap. Note that the
band gap of γ-In2(Se1−xTex)3 alloys can be tailored to be in the range of 1.2-1.5 eV when the Te con-
centration is between 20% and 100%, which is recognized as the optimum range of band gaps for single
junction solar cells.
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4 Conclusion
In summary, we investigated the basic structural, electronic, and optical properties of γ-In2Se3, both ex-
perimentally and computationally. We predicted the properties of γ-In2Te3, and γ-In2(Se1−xTex)3 alloys,
aiming at developing these materials for photovoltaic and other optoelectronic applications. γ-In2Se3 has
a direct band gap of 1.84 eV, in good agreement with the onset in the absorption spectrum, whereas γ-
In2Te3 has an indirect band gap of 1.23 eV, with the direct band gap at Γ being only 0.04 eV higher.
The absorption coefficients of γ-In2Se3 and γ-In2Te3 are very high in the visible light range, reaching
105 cm−1 at ∼1 eV above the band gap energy. The valence band of γ-In2Te3 is predicted to be higher
than that of CdTe, indicating that this material can be easily doped p-type. γ-In2(Se1−xTex)3 alloys are
predicted to easily form, with a maximum mixing enthalpy of 52 meV/f.u., similar to other semiconduc-
tor alloys for which mixing over the whole concentration range has been observed. The band gap of γ-
In2(Se1−xTex)3 alloys rapidly decreases with increasing Te composition, falls in the range of 1.2-1.5 eV
for Te concentrations higher than ∼20%, which is optimal for single junction solar cells. With such high
Te concentration, the VBM is also high enough so the alloy could be easily doped p-type. Our work thus
indicates that the γ-In2(Se1−xTex)3 alloy system is promising for photovoltaic applications.
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